Imaging-guided therapy, which bridges diagnosis and therapy, is significant in solving the challenges of cancer heterogeneity and adaptation. The knowledge of the exact location of the tumor is essential to provide therapeutic treatments that are more specific to individuals and, thus, enhance the therapeutic efficiency and reduce side effects to nearby organs.^[@ref1]−[@ref3]^ To achieve this goal, a multifunctional probe should be designed to be target-specific and to serve as both an imaging enhancer and a therapeutic agent.

Au nanomaterials (NMs) have been widely used in the theranostic field because of their biocompatibility, stability, and facile conjugation with biomolecules. Their unique physical properties make them potential CT, Raman spectroscopy, and photoacoustic imaging agents.^[@ref4]−[@ref6]^ The ability of Au NMs to absorb light and efficiently convert the light into heat has been employed for the thermal ablation of tumors.^[@ref6]^ This so-called photothermal therapy (PTT) application of Au NMs upon the addition of a laser source has been well established in the cancer therapy field. However, it is always a challenge to limit the generated heat to focus on the tumor area and control the laser power to minimize the side effects to normal surrounding tissue. Until now, the most widely used countermeasure is to introduce Au NMs *via* intratumoral injection and to confine the laser exposure area. However, for intravenous (iv) injections, which have more practical clinical value, information on the pharmacokinetics and distribution of the injected particles is critically needed to decide when, where, and how to apply the laser.

Among all the diagnostic imaging methods, radionuclide-based positron emission tomography (PET) imaging has its unique advantages of high sensitivity and the ability to conduct quantitative analysis of whole-body images.^[@ref7]−[@ref9]^ To integrate PET imaging capability into Au NMs, the most common way is to attach a radiometal (*e*.*g*., ^64^Cu) onto the Au NMs *via* a metal chelator.^[@ref10]−[@ref12]^ However, the attachment of radiometal--chelator complexes will influence the surface properties of the NMs and reduce the capability of loading other targeting or therapeutic agents. The possible detachment of the radiometal by either transchelation of the radiometal from the chelator complex or the dissociation of the radionuclide-containing polymer coating from the nanoparticle in the presence of high protein concentration could also lead to a significant difference between the radionuclide signal and the distribution of NMs. Intrinsically radioactive NMs prepared by either chemical incorporation of a radioisotope into the NMs^[@ref13]^ or physical assembly of radiolabeled building blocks^[@ref14],[@ref15]^ have been proved to be able to avoid these limitations. Radioactive ^198^Au has been incorporated into Au NMs for the quantification of their *in vivo* biodistribution *via* measuring the β^--^ radiation from ^198^Au decay and Cerenkov luminescence imaging.^[@ref16]−[@ref18]64^Cu, a radioisotope suitable for PET imaging, has been recently integrated with 10 nm CuAu spheric NMs by co-reduction of copper(II) acetylacetonate, gold chloride, and ^64^CuCl~2~ at 160 °C.^[@ref19]^ However, since the physical properties of Au-based NMs are size and shape dependent, to optimize and expand their *in vivo* biomedical application, a more straightforward, facile, and generally applicable ^64^Cu labeling method for Au NMs, especially those having near-infrared absorption, is still highly desirable.

In the current work, we integrated ^64^Cu to a variety of polyethylene glycol (PEG)-stabilized Au NMs of different sizes and shapes *via* chemical reduction of ^64^CuCl~2~ under mild reaction conditions for immediate use by PET. The labeling efficiency is nearly 100% for all the samples. Our ^64^Cu-integrated Au NMs (\[^64^Cu\]Au NMs) provide an accurate and sensitive localization of NMs with no change of the physical properties of NMs. Using arginine-glycine-aspartic acid (RGD) peptide modified Au nanorods (NRs) as an example, we further proved that these chelator-free NMs have high tumor-targeting ability and can be used for PET image-guided photothermal therapy.

Results and Discussion {#sec2}
======================

It has been demonstrated previously that Cu could epitaxially grow on metal seeds (such as Au and Pd) to form a core/shell structure.^[@ref20],[@ref21]^ Here, we integrated a trace amount of ^64^Cu onto the as-prepared Au NMs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) by modifying a reported synthesis method of Au/Cu core/shell NPs.^[@ref20]^ Briefly, ^64^Cu^2+^ was reduced by hydrazine (N~2~H~4~) and grown on the surface of PEG-stabilized Au NMs in the presence of poly(acrylic acid) (PAA). This approach has been successfully applied to a variety of Au NMs with different sizes (10, 30, and 80 nm) and different shapes (sphere, rod, and hexapod). All reactions were carried out at room temperature to maintain the morphology of Au NMs, which would aggregate if heated. A nearly 100% labeling yield was reached within 1 h for all the samples ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}H). In contrast, without the presence of hydrazine, the labeling yield was less than 30% ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}I). We also found that less than 3% ^64^Cu was released from \[^64^Cu\]Au NMs after incubation in phosphate-buffered saline (PBS) for 24 h ([Figure S1](#notes-1){ref-type="notes"}), which further proved that ^64^Cu was integrated onto Au NMs instead of simply being trapped inside the PEG layers. The negligible amount of ^64^Cu (∼ng/mL) compared with Au NMs (∼ mg/mL) did not change the morphology ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B--G) or the optical property ([Figure S2, Table S1](#notes-1){ref-type="notes"}) of these samples. Dynamic light scattering (DLS) analysis of amine-PEG-thiol-coated Au NMs indicated about 20 nm increase in diameter, due to polymer coating and the presence of a hydration layer, compared with the "naked" Au NMs ([Table S1](#notes-1){ref-type="notes"}), while the subsequent ^64^Cu treatment did not cause a significant hydrodynamic size change. These samples were found to be highly stable in PBS with no visible aggregation after two months ([Figure S3](#notes-1){ref-type="notes"}).

![(A) Scheme of synthesis of chelator-free ^64^Cu-integrated Au NMs. (B--G) TEM images of ^64^Cu integrated PEGylated 10 nm spherical Au NMs (B), 30 nm spherical Au NMs (C), 80 nm spherical Au NMs (D), 15 × 50 nm Au NRs (E), 15 × 75 nm Au NRs (F), and 30 nm Au nanohexapods (G) after decay. Inset: Photos and PET images of ^64^Cu-integrated PEGylated Au NMs. (H) ^64^Cu labeling yield of Au NMs with different shape and size after 1 h reaction at room temperature. (I) ^64^Cu labeling yield of Au NMs with and without N~2~H~4~ immediately after preparation.](nn-2014-02950t_0001){#fig1}

We first performed *in vivo* PET imaging to investigate the biodistribution of \[^64^Cu\]Au NMs. A major concern for PET imaging to monitor the biodistribution of NPs is whether the radionuclide signal could truly reflect the distribution of nanoparticles. Here, we chose 80 nm Au spherical NPs as a model whose *in vivo* pharmacokinetic pattern is obviously different from that of free ^64^Cu,^[@ref22],[@ref23]^ and thus the detachment of free ^64^Cu should be differentiated. A close look at amine-PEG-thiol (MW = 5000)-modified 80 nm Au NPs before ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A) and after ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) ^64^Cu treatment demonstrated that the labeling process did not cause a change in morphology. The optical property of ^64^Cu-integrated 80 nm Au NPs (\[^64^Cu\]80 nm Au) is also consistent with 80 nm Au NPs, with a UV absorption peak around 558 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). We injected a solution of \[^64^Cu\]80 nm Au (150 μg Au, 150 μCi ^64^Cu) intravenously into mice *via* the tail vein. A solution of ^64^Cu-chelated 80 nm Au NPs (150 μg of Au, 150 μCi of ^64^Cu) was used as a comparison. Here, we chose 1,4,7,10-tetraazacyclodocecane-*N*,*N*′,*N*″,*N*‴-tetraacetic acid (DOTA) since it is a widely used chelator for ^64^Cu labeling of nanomaterials.^[@ref24]−[@ref26]^ The analysis of ^64^Cu radioactivity in different tissues *via* gamma counting is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D. The \[^64^Cu\]80 nm Au at 24 h postinjection showed a similar radioactivity distribution to traditional ^64^Cu-chelated 80 nm Au NMs (^64^Cu-DOTA-80 nm Au) but with higher signal per tissue. Negligible signal was found in the bladder of the mice injected with \[^64^Cu\]80 nm Au within 1 h ([Figure S4A,B](#notes-1){ref-type="notes"}). In contrast, a significantly increased bladder uptake was observed in the mice injected with ^64^Cu-chelated 80 nm Au. We further collected the urine of mice injected with ^64^Cu-DOTA-80 nm Au, and negligible Au element was detected by inductively coupled plasma (ICP) measurements. This is also consistent with the reported fact that the renal clearance threshold is around 5--6 nm,^[@ref23]^ so that 80 nm Au NMs would not be excreted *via* the renal route and free ^64^Cu would be cleared from the body rapidly. Thus, we assume that the strong radioactivity signal from the bladder of mice within 1 h is due to renal clearance of free ^64^Cu^2+^ trapped in the polymer or ^64^Cu-chelated polymer that dissociated from the NM in the biological environment. The comparably low signal of ^64^Cu-DOTA-80 nm Au in previous reports might be due to the partial loss of its radioactivity *via* a rapid renal clearance of free ^64^Cu. Thus, our ^64^Cu labeling strategy provides a more reliable way of pinpointing nanoparticle distribution.

![(A, B) TEM of PEGylated 80 nm Au NPs (A) and \[^64^Cu\]80 nm Au NPs (B). (C) UV--vis spectra of PEGylated 80 nm Au NPs (red line) and \[^64^Cu\]80 nm Au NPs (black line). (D) Biodistribution of the ^64^Cu-DOTA-80 nm Au (black) *vs* \[^64^Cu\]80 nm Au NPs (gradient filled) in mice 24 h postinjection. (E) Correlation among heart-, liver-, spleen-, lung-, and kidney-to-muscle ratios for mice injected with \[^64^Cu\]80 nm Au measured *via* gamma countering and tissue homogenate ICP (value in [Table S2](#notes-1){ref-type="notes"}). *R*^2^ = 0.954, *p* = 0.0039.](nn-2014-02950t_0002){#fig2}

To further confirm that the radionuclide signal of our \[^64^Cu\]Au NMs could truly reflect the biodistribution of Au NMs, we analyzed the radioactivity and Au NM distribution in various organs. The Au NM distribution was obtained by quantifying the Au amount in the tissue homogenate *via* ICP measurement. The tissue-to-muscle ratio based on Au amount ([Table S2](#notes-1){ref-type="notes"}) is in a linear correlation with those based on ^64^Cu radioactivity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E, *R*^2^ = 0.954). With the knowledge that both free ^64^Cu and nanoparticles tend to accumulate in the liver, we specifically investigated whether the radioactivity in the liver is from \[^64^Cu\]Au NMs at different time points ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Upon injection of the same dose of radioactivity, much higher signal intensity was found in the liver of mice injected with \[^64^Cu\]Au NMs than those injected with free ^64^Cu. We also randomly sacrificed mice at different time points postinjection of \[^64^Cu\]Au NMs. The Au amount in the liver homogenate *via* ICP measurement is linearly correlated with the ^64^Cu radioactivity quantified using gamma counting ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, *R*^2^ = 0.923), indicating that the radioactivity at different time points could quantitatively represent \[^64^Cu\]Au NMs.

![(A) Representative whole-body coronal PET images of mice at 2 and 24 h after intravenous injection of 130 μCi of \[^64^Cu\]80 nm Au (upper) as well as free ^64^Cu(lower) (*n* = 3). (B) Region of interest (ROI) analysis of liver uptake of \[^64^Cu\]80 nm Au (upper) as well as free ^64^Cu (*n* = 3). Upon injection of the same dose of radioactivity, much higher signal intensity was found in the liver of mice injected with \[^64^Cu\]Au NMs than those injected with free ^64^Cu. (C) Correlation among Au per gram liver measured by liver homogenate ICP and liver uptake measured *via* gamma counting. Livers are randomly collected at different postinjection time points. *R*^2^ = 0.923.](nn-2014-02950t_0003){#fig3}

After verifying the applicability of using \[^64^Cu\]Au NMs for *in vivo* biodistribution by PET imaging, we investigated the practicability of using these NMs as multifunctional theranostic agents for PET-guided PTT after iv injection. Here, we used ^64^Cu-integrated Au nanorods with UV absorption around 808 nm (\[^64^Cu\] Au NR808) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C) as our model since near-infrared light is preferred as an excitation source in order to provide deep tissue penetration for biological applications. The Au NRs were commercially available with an average length and width of 25.1 ± 2 nm and 8.0 ± 0.5 nm, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). We first modified the Au NRs with amine-PEG-thiol and then conjugated RGD peptide onto the amine group *via* BS3 cross-linker (details in [Materials and Methods](#sec4){ref-type="other"}). RGD peptide has been reported with integrin-targeting ability toward U87MG human glioblastoma cells (integrin αvβ3 positive).^[@ref27]^ Then we integrated ^64^Cu to the modified Au NR808 as indicated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. Prior to *in vivo* application, the photothermal conversion efficiencies of these NRs were tested by measuring the temperature rise of their aqueous suspensions upon laser irradiation. The temperature rise of the solution was mapped by real-time thermal imaging using a thermal camera and analyzed with the IR Flash software. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D,E, the temperature of the suspension of these \[^64^Cu\]Au NRs (1.2 nM particle concentration, with an extinction of 1.0 at 808 nm) gradually increased with prolonged laser irradiation time, while no obvious temperature change was observed in the pure water control. The rate of temperature increase and the solution temperature at the plateau were directly proportional to particle concentration and laser power ([Figure S5](#notes-1){ref-type="notes"}). This is consistent with the performance of nonradioactive Au NRs^[@ref28],[@ref29]^ and demonstrates that these \[^64^Cu\]Au NRs are suitable for photothermal therapy.

![(A) Schematic illustration of the multifunctional Au nanorods (NRs). The NRs were first modified with amine-PEG~5000~-thiol, then further conjugated with RGD peptide, after which ^64^Cu was integrated to the Au NRs. (B) TEM and (C) UV--vis spectra of RGD-\[^64^Cu\]Au NR808. (D) Temperature mapping during the 808 nm laser irradiation (2 W/cm^2^) of an RGD-\[^64^Cu\]Au NR808 suspension in distilled water by real-time thermal imaging using a thermal camera (FLIR). (E) Plots of temperature as a function of irradiation time for suspensions of RGD-\[^64^Cu\]Au NR808 of different concentrations.](nn-2014-02950t_0007){#fig4}

The targeting capability of RGD after Cu integration was also assessed. The cell uptake of Cu-treated Au NRs, RGD-Au NRs, and RGD-Au NRs plus free RGD to block the target (RGD-Au NRs + blocking) by U87MG cells was compared *via* ICP. After incubation for 2 h, the cell uptake of RGD-Au NRs was nearly 2.8 and 3.0 times that of Au NRs and RGD-Au NPs + blocking, respectively ([Figure S6](#notes-1){ref-type="notes"}). This result indicates that the RGD peptide maintains its integrin-targeting ability toward U87MG cells after Cu treatment.

To demonstrate the feasibility of RGD-\[^64^Cu\]Au NR808 for *in vivo* PET-guided photothermal therapy, we injected a solution of these NRs (150 μg of Au, 150 μCi of ^64^Cu) intravenously into a U87MG xenograft model. In the whole-body PET imaging of mice, liver, spleen, and tumor were all clearly visualized ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). These RGD-\[^64^Cu\]Au NR808 showed a long blood circulation with a half-life of 17 h, which benefits imaging and therapy ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). Quantitative ROI analysis showed about 5%ID/g uptake in U87MG tumor at the 4 h time point, which increased to 8%ID/g at 16 h and remained above 7%ID/g even at 45 h ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). The tumor uptake of RGD-\[^64^Cu\]Au NR808 (8.37 ± 1.16%ID/g at 24 h postinjection) was higher than that of nontargeted \[^64^Cu\]Au NR808 (6.19 ± 0.5%ID/g) as well as RGD-\[^64^Cu\]Au NR808 + blocking (6.17 ± 1.24%ID/g). Significant NR accumulation in the tumor was further confirmed by the biodistribution data obtained by sacrificing the mice at 45 h postinjection of RGD-\[^64^Cu\]Au NR808 and analyzing the ^64^Cu radioactivity of tissues *via* gamma counting. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C, the uptake of tumor (7.6%ID/g) was lower than that of liver (21.7%ID/g), but higher than the other organs. The photothermal treatment was carried out 24 h postinjection when the tumor uptake reached a maximum, as indicated by PET imaging ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The tumor regions were irradiated with a diode laser (808 nm) at a power density of 1.0 W/cm^2^ for 10 min. This applied irradiation power and time are based on the tumor uptake of Au NRs indicated by the PET signal. The spot size was adjusted to cover the tumor area. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D,E summarized the temperature mapping of mice injected with or without RGD-\[^64^Cu\]Au NR808 upon laser irradiation. Compared with control mice, which showed Δ*T* = 9.3 °C, the mice irradiated following injection with RGD-\[^64^Cu\]Au NR808 showed a temperature rise of 27.2 °C and reached a plateau within 10 min. This enhanced heating was due to the high tumor uptake and high photothermal conversion efficiency of Au NR808. The elevated temperature is high enough to kill tumor cells *in vivo*. As showed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}F, the tumor has a negligible reoccurrence after Au NR treatment under laser irradiation, in contrast to an obvious grow path for the tumor treated with laser only.

![Representative whole-body coronal PET images of U87MG tumor-bearing mice at 4, 16, 24, and 45 h after intravenous injection of 150 μCi of RGD-\[^64^Cu\]Au NR808 (A), nontargeting \[^64^Cu\]Au NR808 (B), and RGD-\[^64^Cu\]Au NR + blocking (C) (*n* = 3/group). Arrow: tumor area.](nn-2014-02950t_0004){#fig5}

![(A) *In vivo* blood terminal half-life (*t*~1/2~) of RGD-\[^64^Cu\]Au NR808. The pharmacokinetic parameters were determined by fitting the data with a two-compartment model. The blood circulation half-time is 17.6 h. (B) Region of interest (ROI) analysis of U87MG tumor uptake of RGD-\[^64^Cu\]Au NR808, nontargeting \[^64^Cu\]Au NR808, and RGD-\[^64^Cu\]Au NR + blocking over time (*n* = 3/group). (C) Biodistribution of the RGD-\[^64^Cu\]Au NR808 in mice bearing U87MG tumors 46 h postinjection (*n* = 3/group). (D) Temperature mapping of tumor-bearing mice upon laser irradiation for 1, 3, and 10 min with or without intravenous administration of RGD-\[^64^Cu\]Au NR808. (E) Plots of average temperature of tumor area as a function of irradiation time with or without administration of RGD-\[^64^Cu\]Au NR808. (F) Tumor growth curves of different groups of mice after treatment (*n* = 4/group).](nn-2014-02950t_0005){#fig6}

Conclusions {#sec3}
===========

We have developed a new method for ^64^Cu radiolabeling by chemically reducing ^64^Cu on the surface of PEGylated Au NMs. As the chelator-free ^64^Cu labeling method in this work is applicable to a variety of Au NMs regardless of the size and shape, Au NMs with high absorption at a certain wavelength could be used for theranostic applications. Integrating ^64^Cu into Au NMs provides stable radiotracers that can accurately monitor their *in vivo* biodistributions by PET imaging and could help develop photothermal therapeutic protocols more specifically in order to reduce side effects. The nonchelated surface is ready for the conjugation of specific targeting agents, such as peptides and antibodies, which makes these materials even more powerful for cancer-targeted imaging-guided therapy. Labeling ^64^Cu onto NMs after surface modification and functionalization provides convenience for radioactive material handling and has benefits for potential clinic use.

Materials and Methods {#sec4}
=====================

Chemicals and Materials {#sec4.1}
-----------------------

Copper chloride dihydrate (CuCl~2~·2H~2~O), poly(acrylic acid) (molecular weight, MW, 5000 g/mol), and hydrazine hydrate (50--60%) were purchased from Sigma-Aldrich. Au NMs were purchased from Nanopartz. Amine-poly(ethylene glycol)-thiol (MW 5000 g/mol) was purchased from Nanocs (New York, NY, USA). BS~3~ cross-linker was purchased from Thermo Scientific. Arginine-glycine-aspartic acid peptide, c(RGDyK), was bought from Anaspec. 2,2′,2″-(10-(2-((2,5-Dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (DOTA-NHS-ester) was purchased from Fisher Scientific. ^64^Cu was produced by the PET Department, NIH. Deionized (DI) water with a resistivity of 18.0 MΩ was from a Millipore Autopure system. All chemicals were of analytical grade and used without further purification.

Instruments {#sec4.2}
-----------

Transmission electron microscopy (TEM) images were obtained on a FEI Tecnai 12 (120 kV). Samples for TEM analysis were prepared by depositing a drop of diluted NP dispersion on carbon-coated copper grids and dried overnight. UV--vis spectra were obtained by a Genesys 10S UV--vis spectrophotometer. The hydrodynamic diameters of the nanoparticles were measured by a Zetasizer Nano series (Zen3600, Malvern) with Zetasizer 6.0 software as the interface. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) measurements were performed on a JY2000 Ultrace ICP atomic emission spectrometer equipped with a JY AS 421 autosampler and 2400 g/mm holographic grating.

Procedures {#sec4.3}
----------

### Surface Modification of Au NMs {#sec4.3.1}

A 2 mL amount of Au NMs (260 μg) was centrifuged at 4000--10000 rpm, depending on the size of the materials, for 15 min to remove excess surfactants. The precipitate was collected and redispersed in 2 mL of DI water. Then 2 mg of amine-PEG-thiol was dissolved in 1 mL of water and was added dropwise to the above Au NM aqueous solution. After sonication at room temperature for 1 h, the particles were centrifuged twice to remove excess amine-PEG-thiol and redispersed in water. Dialysis has been carried out before any further conjugation.

### Surface Modification of RGD Peptide {#sec4.3.2}

A 2 nmol portion of PEGylated Au NMs was dispersed in 2 mL of borate buffer (pH 8.2). Then 10 μL of BS~3~ cross-linker (10 mg/mL) was added to the solution. After stirring for 30 min at room temperature, the mixture was collected *via* centrifugal filter (30 k cutoff) and redispersed in DI water. The particles were then washed and collected *via* centrifugation three times before finally dispersing in borate buffer. Subsequently, 0.1 mL of RGD peptide (2 mg/mL) was added to the particle solution. The mixture was then stirred overnight at room temperature. The final product was purified by dialysis bag (100k cutoff).

### Preparation of \[^64^Cu\] Au NMs {#sec4.3.3}

A 10 μmol sample of PAA was added into 1 mL amine-PEG-thiol-capped Au NMs. As received ^64^CuCl~2~ was diluted into 0.4 M ammonium acetate buffer (NH~4~Ac, pH 5.5). A 20 μCi ^64^Cu solution was then added dropwise into the Au NM solution. After stirring for 5 min, 3 μmol of N~2~H~4~ was added, and the solution was allowed to react at room temperature for 1 h before it was washed by centrifugation to remove the excess reagents as well as the unreacted ^64^Cu. The labeling efficiency was calculated on the basis of the radiation dosimeter readings before and after purification.

### Preparation of ^64^Cu-DOTA-Au NMs {#sec4.3.4}

A 2 nmol amount of PEGylated Au NMs was dispersed in 2 mL of borate buffer, and 1 mg of NHS-DOTA was added to the solution. After reaction at room temperature overnight, the solution was purified by a dialysis bag (100k cutoff) to remove excess NHS-DOTA. Details regarding ^64^Cu labeling have been reported elsewhere.^[@ref30]−[@ref32]^ Briefly, ^64^CuCl~2~ in 0.4 M ammonium acetate buffer (NH~4~Ac, pH 5.5) was added to the solution of DOTA-labeled NMs. After incubation for 1 h with constant shaking, the solution was purified by centrifugal filter (100k cutoff) to remove free ^64^Cu. The filtered solution was monitored by radiation dosimeter until no radioactivity in the supernatant was measured.

Cell Culture and Animal Model {#sec4.4}
-----------------------------

All animal work was performed following a protocol approved by the National Institutes of Health Clinical Center Animal Care and Use Committee (NIH CC/ACUC). The U87MG human glioblastoma cell line was purchased from the American Type Culture Collection (ATCC) and was cultured in ATCC-formulated Eagle's minimum essential medium (EMEM) with 10% (v/v) fetal bovine serum at 37 °C with 5% CO~2~. Athymic nude mice purchased from Harlan (Indianapolis, IN, USA) were subcutaneously implanted with 1 × 10^5^ U87MG cells in the shoulder. The *in vivo* imaging and photothermal treatment was performed after the tumor volume reached around 100 mm^3^.

Cell Uptake Experiment {#sec4.5}
----------------------

U87MG cells were cultured in a T75 culture flask. Before the uptake experiment, the growth medium was removed. The cells were washed twice with PBS and incubated with the culture medium containing the PEGylated Au NMs, RGD-PEGylated Au NMs, or RGD-PEGylated Au NMs with a blocking dose of RGD (1 mg, 1 h), respectively. After 2 h, the cells were washed three times with cold PBS and treated with 0.2 mL of trypsin solution (containing 0.25% EDTA). The cell number was counted with a hematocytometer. The cell pellets were digested with aqua regia until the solution was completely clear. The Au amount was measured by ICP-AES.

Small-Animal Positron Emission Tomography Imaging {#sec4.6}
-------------------------------------------------

The details of small-animal PET imaging and region-of-interest (ROI) analysis have been reported before.^[@ref32],[@ref33]^ The U87MG tumor-bearing mice were first anesthetized with isoflurane (Abbott Laboratories), and then each was intravenously injected with 150 μCi \[^64^Cu\]Au NMs or RGD-\[^64^Cu\]Au NMs. Another group of mice were each injected with 6 mg of RGD at 1 h before RGD-\[^64^Cu\]Au NM administration. PET scans and imaging analysis were carried out on an Inveon microPET scanner (Siemens Medical Solutions) at different postinjection time points. Three-dimensional ROIs were drawn over the tumor and organs on decay-corrected whole-body coronal images for each PET scan. The average radioactivity concentration was obtained from the mean pixel values within the ROI volume, which was converted to counts per milliliter per minute by using a predetermined conversion factor.^[@ref32],[@ref33]^ The counts per milliter per minute were converted to counts per gram per minute based on the assumption that the tissue density is 1 g/mL, and the values were divided by the injected dose to obtain the imaging ROI-derived percentage injected dose per gram (%ID/g).

Biodistribution Study {#sec4.7}
---------------------

The mice were sacrificed at 45 h postinjection after the last scan. Organs of interest were collected and weighed, and the radioactivity was measured in a well gamma-counter (Wallach Wizard, PerkinElmer, Waltham, MA, USA). The uptake of ^64^Cu in the various organs was calculated as the percentage of the injected dose per gram of tissue according to the prepared standards. The weighed organs were then immersed in digest solution (HNO~3~/HCl = 1:1) with a volume of 5 mL. The dispersions were heated to boiling until organs were completely dissolved. A 1 mL amount of H~2~O~2~ was then added into the solution, and heating continued until the solution became clear and transparent. The solution was then cooled to room temperature, diluted by 2% HNO~3~ to 10 mL, and subsequently analyzed by ICP to determine the concentration of Au in each sample.

Photothermal Treatment with NIR Light {#sec4.8}
-------------------------------------

The aqueous Au NM solutions with different concentrations were irradiated with an 808 nm NIR laser (LaserGlow Technologies) under different powers. Real-time thermal imaging of the solution was recorded using a thermal camera (FLIR). The quantitative analysis was performed with FLIR Examiner software.

For *in vivo* studies, mice bearing U87MG tumors were intravenously injected with 150 μCi \[^64^Cu\]Au NMs. After 24 h PET scanning, the tumor area was irradiated with the 808 nm NIR laser at a power density of 1 W cm^--2^ for 10 min. Mice treated with laser only were used as a control. Real-time thermal imaging of U87MG tumors was monitored with FLIR. After treatment, the tumor volume was monitored by measuring the tumor dimensions at various time points using a caplier. Tumor volume (*V*) (mm^3^) was calculated using the following formula: *V* = *ab*^2^/2, where *a* refers to the length and *b* refers to the width in millimeters, respectively. Relative tumor volumes were calculated as tumor volume at different time point divided by the original tumor volume.

Additional information and figures. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.

Supplementary Material
======================

###### 

nn502950t_si_001.pdf

The authors declare no competing financial interest.

This work is supported by the Intramural Research Program (IRP) of the NIBIB, NIH.
